Electron beam cooling is examined as an option to reduce momentum of gold ions exiting the EBIS LINAC before injection into the booster. Electron beam parameters are based on experimental data (obtained at BNL) of electron beams extracted from a plasma cathode. Preliminary calculations indicate that single pass cooling is feasible; momentum spread can be reduced by more than an order of magnitude in less than one meter.
Introduction
It has been know for quite some tome that low thermal spread electron beam moving at the same velocity with a hotter charged particle beam has a cooling effect on that beam. Experimentally, electron beam cooling of ions has been successfully performed in a number of storage rings.
Plans are to replace the Tandem van de Graaff accelerator RHIC preinjector with an EBIS 1 ion source, which is followed by a radiofrequency quadrupole (RFQ) LINAC and an interdigital-H LINAC. Although EBIS is expected to have some significant advantages over the presently operating Tandems, ion beam emittance at the end of the EBIS-RFQ-LINAC system is estimated to be much larger than the ion beam emittance at the end of the second van de Graaff. Momentum spread at the end of the LINAC is expected to be In this note, a simple electron cooling method for reducing the above momentum spread by over an order of magnitude is explored. A previously generated steady state intense low emittance electron beam could be used for a single-pass cooling of the ion beam end of the EBIS-RFQ-LINAC system, though other electron guns might be suitable as well.
II. Basic Considerations; Is It Worth Pursuing?
Expected ion beam parameters 2 , based on design, at the exit of the EBIS-RFQ-LINAC system are: energy 2 MeV/u, momentum spread gold ion charge state Au +32 , with ion density 2 at the LINAC exit n i =8x10 7 cm -3 . For electrons to match ion velocity, their energy U must be about 1 KeV. At these energies, ion and electron velocities are about 2x10 7 meter/second, hence β = 0.0667 and γ = 1.0022.
In this basic consideration an electron gun with plasma cathode, from which 9 A were extracted at 1 KeV through a 6 mm aperture 3 , is considered. Based on these parameters the electron density n can be computed from Aev I n = , where I is electron beam current, e elementary charge and A is extraction aperture area. Immediately after extraction, the electron density is about . Balk electrons energy spread before extraction was about 0.1 eV. Due to kinematic compression 3 11 10 − ≈ cm n 4 , energy spread of the accelerated electrons T e (i.e. in the lab frame) is ( )
, where T is thermal spread of unaccelerated electrons. For T = 0.1 eV and U = 1 KeV, T e = 5x10 -4 eV.
Assuming electron beams with parameters of the electron beam described above (e.g. 2 -4 electron beams) overlap the ion beam completely during the whole cooling period, cooling time τ of the ion beam parallel energy spread can be calculated using the following formulas for unmagnetized cooling. 
Equation 3, which is in eV and cgs units, yields for the above parameters, sec 10 7 10 − ≈ x τ Agreement between the three cooling time values is excellent. In all three equations the plasma physics Coulomb logarithm, which is about 30, was computed for the value of parallel electron temperature. Ion velocity spread was computed from ion temperature, i.e. thermal velocity spread is used.
Since ion and electron velocities are about 2x10 7 meter/second, substantial cooling in the parallel direction can be accomplished in about 1.5 cm. hence, the answer to whether pass cooling seems is worth pursuing is affirmative. However, in the perpendicular direction, the electron temperature is not compressed, hence, cooling in that direction is not very effective, and the Coulomb logarithm will be 3.4, resulting in micro-seconds cooling time. Therefore magnetized cooling is needed. More importantly, magnetic field is needed to confine the electron beam to prevent an otherwise very rapid expansion. As it is shown in the next section, in realty the cooling time is larger by an order of magnitude.
III. Magnetized Cooling
Cooling time values computed in the previous section are for cooling in the direction parallel to beam propagation. In absence of a magnetic field, cooling in the perpendicular direction does not benefit from kinematic compression of accelerated beams. Hence, uncompressed value of the electron beam velocity spread must be used (and a somewhat different cooling force expression). The result is that cooling time in the perpendicular direction will be of the order of , i.e. orders of magnitude higher. Electron beam cooling under this scenario is unlikely to be feasible this application, since 112 meters are needed for cooling. 
IIIa Magnetized Cooling Calculations Based on Currently Used Friction Force Formulas
In case of a magnetic field, which sufficiently strong such that at large impact parameters electron-ion collisions are adiabatic with respect to electron Larmour rotation, the electron transverse degree of freedom no longer factors in the kinetics of collisions. Under such conditions, electron beam cooling efficiency is determined by the longitudinal electron thermal spread, which is orders of magnitude smaller than the transverse spread. where subscripts || and refer to friction forces and to velocity spreads in the parallel and normal directions.
⊥
Cooling rate, which is proportional to ion energy E loss rate to electrons, is defined as
Substituting for F in equation 6 from equations 4 and 5, expressions for cooling times are obtained. It should be pointed out that there is a derivation 11 predicting friction forces lower by a factor of two. But, Ogino and Ruggiero 12 and Sørenson and Bonderup 13 reach results that are essentially the same as equations 4 and using different approaches.
Nevertheless, Parkhomchuk 10 claims that an empirical formula is in much better agreement with computer simulations of fully magnetized cooling for magnetic fields of up to 4kG. Additionally, experiments 14 and computer simulations 15 showed reasonable agreement with Parkhomchuk 10 . Even though in this case magnetic fields are much larger and the assumption of absolute magnetization is most likely valid, Parkhomchuk's empirical formula should be used 16 . In this case, increase in electron beam thermal spread due to space charge 17 is still lower than ion thermal spread 16 (a simple estimate of the electron beam thermal spread due to the electrostatic space charge potential 17 in cgs units yields an energy spread of 6.68x10
2 n e -4 eV, which is orders of magnitude lower than the ion beam thermal spread).
Magnetized friction force and cooling time based on the empirical formula 10 , in cgs units, are (9) where ω pe and ρ e are electron plasma frequency and gyro-radius respectively. For these parameters λ = 2.77 and τ = 1.25x10 -8 sec
In equations 7 and 8 thermal velocity spread is used, i.e. ion velocity spread was computed from ion temperature. Basically, ions distribution is assumed be to be a beam with thermal spread (three degrees of freedom). Velocity spread computed directly from the momentum spread will be larger by a factor of √2, for which λ = 3.14 and τ = 3.35x10 -8 sec
More important, equations 4 and 5 were derived under the assumption of full magnetization. If the magnetic field is not high enough, adiabaticity condition for low impact parameters collisions can be violated, in which case friction forces must be computed (and added up) for two ranges of impact parameters. Scaling up from previously analyzed cases 17 , maximum cooling decrement can be reached for magnetic fields of/or exceeding 2.4 T, which is the magnetic field of choice. Based on the worse case computed from equations 8 and 9, a cooling length of 67 cm is needed, or 25 cm in the other case.
Since the ion beam density (of n i =8x10 7 cm -3 ) is orders of magnitude lower than the electron density of , cooling the ions will have negligible effect on the equilibrium electron temperature. Therefore under unmagnetized full thermal equilibrium, parallel ion temperature will be reduced to the electron temperature. But in a magnetized case the process is more complex due to freedom of motion restrictions imposed by the magnetic field. is given by
in cgs units, where τ 0 is time an ion spends in the electron beam, ω pe and Ω e are electron plasma and cyclotron frequencies respectively. For a magnetic field of 2.4 Tesla, and τ 0 of 10 -9 sec, the perpendicular ion energy spread is reduced to 1.88 eV, and the transverse momentum spread to
Basically, the transverse momentum spread, and hence ion beam emittance, can be reduced by over an order of magnitude. And, the parallel momentum spread will be reduced by a similar factor.
IIIb Ion Heating
Since the ion beam density (of n i =8x10 7 cm -3 ) is low, intra beam scattering (IBS) is insignificant during this cooling process. But, the electron density (of ) is many orders of magnitude higher than the ion density. Therefore, interactions with electrons dominate velocity space diffusion (relaxation). In this case the use of plasma physics formulas is fully justified to compute ion velocity space diffusion for the following reasons. Therefore, classical plasma physics formalism is fully justified in this analysis. In this magnetic field ion gyro-frequency is about 6 MHz, i.e. ion gyration period is over a factor of 5 larger than the longest interaction (cooling) time. So ions are not magnetized.
Ion inter-particle distance is 2.3x10 -3 cm, i.e. larger than 3 Debye lengths. Therefore, ions are totally shielded from each other. Hence, their interaction is solely with electrons. Therefore, the test particle model, in which relaxation rates of test particles steaming through a background of field particles are computed, is particularly suitable in this application. Furthermore, relaxation rates for a single ion (test particle), whose energy equals ion beam thermal spread, streaming through cooling electrons (field particles), are a reasonable approximation of the ion beam velocity space relaxation rates. Norman Rostoker 18, 19 originated the test particle model, which for a Maxwellian of field particle distribution, exact formulas 20 were derived; and, expressions exist 21 for cases where test particle energy is much smaller or much larger than field particle energy. Magnetic field effects 18, 22 are accounted for through the Coulomb logarithm. Furthermore, the test particle model has been verified 23 experimentally.
For simplicity, computations are performed in the beam rest frame, since γ = 1.0022, corrections to time dilations are minuscule. Pertinent relaxation rates ν i/e in sec -1 (ion test particle in a background of field electrons) are defined in the following equations 
Units are cgs and eV. T e is 0.1 eV, μ ion to proton mass ratio. Since electron are magnetized, the Coulomb logarithm 18, 22 (b is the smallest impact parameter) is 
IIIc Coulomb Logarithm
In classical plasma physics the Coulomb logarithm is defined as the ration of largest to smallest deflection angle (can be found in many basic plasma books like reference 24 for example). The largest possible deflection (180 0 scattering) is produced by the smallest impact parameter, which is basically the ratio of electrical potential energy to particle kinetic energy, i.e. how close can two particles be. The largest impact parameter is of course the Debye shielding length. It all works very for infinite homogenous unmagnetized plasmas with isotropic temperature. But as it can be seen from section II, deviation from these conditions can lead to unrealistic results.
To be consistent with classical Boltzmann theory, the largest impact parameter is taken to be 18,22 the electron gyro-radius. Parkhomchuk's empirical formula 10 also sets the electron gyro-radius as the largest impact parameter. Nevertheless, the electron gyro-radius should not be set as the largest impact parameter in a cavalier way in any magnetized plasma. In cold, high-density plasmas in low to moderate magnetic fields, Debye lengths can be shorter than electron gyro-radii. Hence the Debye length must be set as the largest impact parameter. In this case the Debye length is λ D =7.43x10 -4 cm, which is much longer than the electron gyro-radius of 3.13x10 -5 cm. Therefore, setting the electron gyro-radius as the largest impact parameter is fully justified in this analyzed case.
IV. Pertinent Physics Issues
A number of pertinent physics issues are evaluated next. First topic is maintaining electron beam parameters. Second subject matter is adverse effects the electron beam (or electron gun) might have on the gold ions. Third topic is whether electron gun generated gas is tolerable.
IVa Magnetic Field Required for Electron Beam Equilibrium and Stability
As it is shown in the next section, current density of the extracted electron beam exceeds the Child Langmuir law limit. Hence, rapid expansion of the electron beam occurs, unless the expansion is prevented by a magnetic field. For a square electron density profile, the electric field E e at the outer beam radius R is given in mks units by
Neglecting kinetic pressure (will be become obvious a posteriori that the assumption is correct), to contain the electron beam, magnetic pressure must balance pressure generated by the electric field. Hence the needed magnetic field B can be found from 
IVb Ion Loss Due to Recombination
Due to interactions with beam electrons ion inelastic interactions are: electron capture and ionization. But due to the relative low energy differential, the only ion loss mechanism is due to recombination, which was studied extensively 26, 27, 28 for electron coolers. Rate coefficient for recombination α is 
Equations 22 and 23 are in cgs units except for T, which is in eV. The assumption in deriving equation 22 that is valid for our case too (all is done is laboratory frame). For our parameters τ || e e T T >> ⊥ rec is about 1.5 msec, which is orders of magnitude longer than any computed cooling time. Additionally, electron capture is suppressed in such a large magnetic field. Hence, electron recombination is not an issue in this process.
Other channels of recombination like three body collisional recombination or dielectronic recombination have extremely low probability 6 . Cross section 29, 30 for the latter, for example, is usually of the order of 10 -19 cm 2 or less. The low cross sections combined with 10's nsec interaction time and a mean free path of 10 8 cm render these processes unimportant.
IVc Charge Exchange
One of the electron guns that is being considered is hollow cathode plasma cathode 3 (to be described in the next section; relevance of this paragraph will become apparent in the next section). Pressure in the electron gun 3 is about 10 -5 Torr of argon gas. High charge exchange cross sections are usually of the order of 10 -14 cm 2 , for which the mean free path is 336 cm. However, inside the hollow cathode the pressure is about 10 -2 Torr. In this pressure the mean free path is less than 0.3 cm. Therefore, ion beam injection through the hollow cathode in current embodiment is not an option. In the electron gun extractor background gas pressure is under 10 -5 Torr; hence the mean free path is a longer than 400 cm. Outside the extractor pressure is 10 -7 Torr, where charge exchange is no longer an issue.
A more suitable electron gun could be an electron gun with carbon fiber cathode 31 , which have generated close to 1 MA of electron current. More recently 32 currents of up to 2 kA at 2 kV were obtained in microseconds long pulses. Depending on the current generated, pressure during the electron beam pulse can be between 10 -3 to 10 -6 Torr (or even lower where large pumping capability is available). Since the needed electron beam currents are well below 100 A, pressures below 10 -6 Torr, where charge exchange is not an issue, are expected.
IVd Other Plasma Instabilities
Based on equation 21, the electron beam should be stable for an axial magnetic field of 2.4 Tesla. If the electron beam is stable, there should, in principle, be no other instabilities. The only possible plasma instability might be to the ions (like a rotating two stream instability). Like all beam instabilities, it has a density threshold. Since the ion density is more than three orders of magnitude lower than the electron density, there should be no beam instabilities.
V. Electron Gun Options
Three electron gun options are examined: electron guns with plasma cathodes, electron guns having conventional solid cathodes with staggered, staged acceleration, and electron guns with carbon fibers or nano-tubes cathodes.
Va Plasma Cathode
During the late 1980's till the mid 1990's a novel electron gun with a plasma cathode was developed at BNL 3, 33, 34 . Since plasma cathodes are easier to fabricate and are more efficient than thermionic sources, these cathodes were viewed as potential alternatives to thermionic cathodes about thirty years ago. However, present day plasma cathodes have some serious shortcomings. Consequently, plasma cathodes have only a few limited applications although considerable research interest remains.
Shortcomings of present plasma cathodes arise from problems associated with fundamental plasma properties. High emittance is a result of high electron temperature. In plasma cathodes, it ranges from a few eV to as high as several keV compared with about 0.1-0.2 eV of most thermionic cathodes (low emittance e-guns, where large portion of the current is not utilized, are available). Difficulties in controlling current emission from plasma cathodes, as well as limitations on the pulse lengths stem from fundamental problems with electron extraction from a plasma boundary, i.e. when electrons are extracted from a plasma, various plasma parameters change (including plasma potential), which in turns affects the emission current.
At BNL, a new concept for a plasma cathode, which is based on selective generation and extraction of low temperature electrons, was developed. The underline principle is to generate a plasma with a substantial component of high energy, low thermal spread electrons, which can then be extracted through a hollow anode to form an electron beam 33 . Extraction of these superthermal electrons, which otherwise just strike the anode, does not affect any discharge parameters; and their low thermal spread yields a low emittance electron beam. The end result is a plasma cathode without the shortcomings of present day plasma cathodes, i.e., a plasma cathode capable of generating low emittance, steady state, high current electron beams. Figure 1 shows a hollow cathode discharge (HCD) based electron gun, which demonstrates this concept. This electron gun evolved from a series of experiments 3, 33, 34 , with a plasma based, high current, low emittance, steady state electron beam source. First, a retarding potential technique was employed to select electrons for extraction from a hollow cathode discharge, from which the parallel electron energy distribution was measured to be below 0.13 eV (instrumentation limit). Attempts were made to evaluate the emittance of electrons extracted from the HCD plasma using a profile monitor 35 . From the beam profile measurements and the beam envelope equation, the beam emittance was evaluated, and the beam transverse temperature calculated. The results indicate that the perpendicular thermal spread is very small and is comparable to the parallel spread; however, the error bars on the perpendicular temperature of the fast component were larger than the value of the temperature 35 . A combination of low thermal spread and of high current density beam renders the thermal contribution to the total value of the emittance negligible. From these measurements, it was shown that at conventional operating pressures, the parallel (to the direction of extraction) electron energy distribution function is Gaussianlike with a superthermal tail. At low operating pressures (of 1.8x10 -5 Torr or below), the central core of the external HCD plasma is characterized by two electron populations: bulk electrons having a thermal spread of several eV and a population of fast electrons with a very narrow energy spread. This additional distinct component of electrons has an energy corresponding to the cathode potential and a very low spread of 0.13 eV. A negatively biased grid (to a potential whose magnitude is slightly lower than the energy of the fast electrons) is used to repel the bulk electrons and ExB filter can be used to separate the fast electrons from the tail of the distribution function.
Basically an electron gun, based on extraction of superthermal electrons from a discharge characterized by a large component of high energy electrons with a low thermal spread, was demonstrated. Hollow cathode diameter was 3 mm. A grid is employed to select these electrons for extraction while retaining the bulk electrons in the discharge. Steady state extraction of electron beams corresponding to over 60% of the total arc discharge current has been observed. This extracted electron current far exceeds the thermal electron flux. A perveance of over 280 microperv was reached with the extraction of 9 A at 1 keV from a 6 mm extractor aperture. This electron gun concept can be the basis of an electron gun system for such an e-beam cooler.
Given the sizes of the ion and electron beams, it is obvious that for complete overlap, the electron beam diameter must be either scaled up to the size of the ion beam, or a few (2 -4) electron beams are to be used. Inch size (and larger) hollow cathodes generating hollow cathodes arc have been operational in numerous laboratories. Therefore, one approach could be to reproduce the old electron gun results with a larger cathode. Other option is to merge electron beams from multiple HCD based electron gun.
An attractive feature of the HCD based electron gun is the hollow nature of its solid structure. However gas and/or plasma can adversely affect the ion beam due to charge exchange. Therefore, next topic to consider is whether a concentric system (ions injected through the electron gun), or external electron injection into the ion path is the more realistic option. To overcome the gas and plasma of the concentric system, a large electron gun with concentric cathodes as shown in figure 2 can be developed, based on reference 36 system. In that configuration, gas and plasma are only between the inner and outer hollow cathodes. Such a system is in principle possible, but the devil is in the details. In the HCD based plasma cathode, electron current flows through plasma, where it is neutralized. The grid, which repels the bulk electrons, sends ions into the extraction, where a virtual cathode is probable formed. Therefore, the effective extraction gap is smaller than its solid dimensions. Another factor for the enhanced extracted current density is that the extracted electrons have some energy, which enhances the space charge limit. The reason that neither an electron gun with staggered, staged acceleration, nor HCD based plasma cathode electron guns have found use is that the electron beam blows up after extraction. When the Child Langmuir law is (or any law of nature) violated, there is a price to be paid. In this case, however, the electron beam is in a large magnetic field, which prevents its rapid expansion.
Vb

Conventional Thermionic Cathodes
Solid cathodes have a clear advantage in that they do not have the gas and plasma issues associated with plasma cathodes. Hence a concentric configuration seems easier to implement, since no differential pumping is needed. However based on current technology, R&D is still needed. Current density j (in A/cm 2 ) extracted from these cathodes is limited to the Child Langmuir law, which is given by, , larger by more than two orders of magnitude. Over twelve years ago, the author started work on developing an electron gun, in which advantage of initial velocity is made to enhance extracted current density. Preliminary encouraging results, which were obtained with staggered, staged acceleration, showed that it possible to increase the extracted electron current density larger by a substantial factor. And ultimately, the enhancement can reach two orders of magnitude. But, substantial R&D is required to develop an electron gun with a solid cathode that will generate an electron beams with electron density of about with energy of 1 kV. 
Vc
Carbon Fiber Cathodes
Very large current densities can be extracted from carbon fibers nano-tubes, laser electron guns. Pulsed electron guns, with these types of cathodes, have been built. Since each ion beam micro bunch is 10 nsec long at 100.62 MHz, pulse electron guns are a better option due to energy savings. Laser electron guns are complex, while electron guns based on carbon fibers or nano-tubes cathodes are much simpler and are characterized by extremely field high emission due to the very small size of the each emitting surface. Experience with cathodes made of 7 micron and 5 micron carbon fibers showed that current densities of 10 5 A/cm 2 can be extracted from each fiber. Currents of 50-200 kA were extracted 31 from carbon fiber areas of 50-100 cm 2 . Ring-shaped cathodes 32 with 1 mm thick annulus of 1 cm diameter generated currents of up to 2 kA at 2 kV in 10 -15 microsecond long pulses.
Schematic of a cooling embodiment (very rough; not to scale) based on carbon fiber or nano-tubes cathodes is shown in figure 3 . For testing cathode concepts, a similar electron gun structure can be fabricated for test both carbon fiber or nano-tubes cathodes as well as the concentric HCD plasma cathode displayed in figure 2, in which very effective differential pumping is possible. 
VI. Possible Course of Action
Although the results of the above analysis are of a very preliminary nature, it will be prudent to design the section between the EBIS LINAC and the Booster in such a way that 150 cm after the LINAC could be modified to accommodate an electron beam cooler, since the RHIC EBIS is scheduled to become operational on a time scale shorter than any possible R&D. There are two basic design concepts that can be employed to accomplish this ion cooling. Figure 4 shows an embodiment, where the electron beam is generated external to the ion beam. Such a setup is commonly used in existing and planned electron beam coolers. An existing electron gun or one like the HCD plasma cathode electron gun, 3, 33, 34 which was developed at BNL, can be adopted with straightforward R&D. However beam-merging optics is none trivial at best. And the ion beam must be handled properly after cooling. A much better choice would to have the ion beam concentric with the electron gun for obvious reasons. Figure 5 is a rough sketch of the setup. Possible conceptual cathodes can be seen in figures 2 and 3. Nevertheless, the ion beam must be handled properly after cooling. On the other hand, more extensive electron gun R&D is required for this approach. Before any significant endeavor is made, it is prudent to perform a proof-of-principle experiment regardless of which concept is to be pursued. Simultaneously additional analysis, as well as computer simulations should be performed.
Proof of principle testing can be performed with small radius ion beams from the Van De Graaff. Specifically, testing can be performed for adverse affects an intense electron beam might on an ion beam. Experimental details are beyond the scope of this note.
Once experimental proof is attained, electron gun development can commence. Based on which electron gun shows promise, electron beam cooling setup choice can be finalized. Though a concentric system would be preferable.
VII. Discussion
Other than Parkhomchuk's empirical formula, which is used to calculate cooling rates, most computations in this note are based on plasma physics formalism. Given ion and electron beam parameters, the Debye length λ D =7.43x10 -4 cm, hence there are about 1346 Debye lengths in a beam diameter. And, there are about 182 electrons in a Debye sphere. Electron gyro-radius is 3.13x10 -5 cm. Hence, there are almost 32,000 electron gyro-radii in a beam diameter. Electron gyro-frequency is 6.72x10 10 Hz in this magnetic field of 2.4 Tesla. During an interaction time (computed above) of τ = 3.35x10 -8 sec, an electron completes 2251 gyrations. In this magnetic field ion gyrofrequency is about 6 MHz, i.e. ion gyration period is over a factor of 5 larger than the longest interaction (cooling) time. So ions are not magnetized. No past, existing, or future (planned) electron beam cooler has parameters where beam diameter to gyro-radius and Debye length ratios, as well as the number of electron gyrations are such large numbers. Furthermore, transport and velocity space relaxation theories based on the test particle model were proven to be correct experimentally 23 in a series of experiments performed on two different devices. Therefore, classical plasma physics formalism, especially when based on the test particle model, is fully justified in this analysis.
Answer to the question posed in the title, on whether single pass cooling is possible, is affirmative. While velocity relaxation and cooling computations, based on the test particle model, have had experimental verification, electron beam cooling theories did not agree with cooling experiments. Hence, the need for Parkhomchuk's empirical formula 10 , which has shown to be in good agreement with ion cooling (slowing-down) computations (equations 11 and 18) that are based on the test particle model. Some discrepancies with theories used in conjunction with electron beam cooling may be due to the very different parameters of this case as compared to parameters in electron beam cooling. In equation 15, e.g. the electron beam temperature (instead of a delta function) must be included due to overlapping of ion and electron distributions in velocity space.
Further evaluation requires an iteration process, of simulations and of electron gun as well as electron beam cooler design, to further explore concepts presented in this note. Electron guns with carbon fiber cathodes should be able to achieve the needed electron beam parameters. Carbon nano-tubes might be superior, due to their extreme durability, which also eliminates any gas problems.
Based on cooling computations performed in sub-sections IIIa and IIIb, momentum spread of gold ion beams exiting the EBIS LINAC can be reduced by a factor of about 14 in a cooling distance of 20 cm (based on plasma physics formalism) to 25 cm or 67 cm (Parkhomchuk's empirical formula; depending on the value used for thermal spread).
Interesting physics regardless of the particular application! Motivation for this work is indeed cooling the EBIS LINAC ion beams before injection into the Booster. However, as initial calculations were performed it became apparent that there is a consensus in the electron beam cooling community that single pass cooling is impossible 16 . If successful it will 1 st single pass cooling ever with implications far beyond this particular case.
